Flight experiments were conducted on a 30 degree swept wing with a perforated leading edge by systematically varying the location and amount of suction over a range of Mach number and Reynolds number. Suction was varied chordwise ahead of the front spar from either the front or rear direction by sealing spanwise perforated strips. Transition from laminar to turbulent flow was due to leading edge turbulence contamination or crossflow disturbance growth and/or TollmienSchlichting disturbance growth-depending on the test configuration, flight condition, and suction location. A state-of-the-art linear stability theory which accounts for body and streamline curvature and compressibility was used to study the boundary layer stability BS suction location and magnitude varied. N-factor correlations with transition location were made for various suction configurations.
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Flight experiments were conducted on a 30 degree swept wing with a perforated leading edge by systematically varying the location and amount of suction over a range of Mach number and Reynolds number. Suction was varied chordwise ahead of the front spar from either the front or rear direction by sealing spanwise perforated strips. Transition from laminar to turbulent flow was due to leading edge turbulence contamination or crossflow disturbance growth and/or TollmienSchlichting disturbance growth-depending on the test configuration, flight condition, and suction location. A state-of-the-art linear stability theory which accounts for body and streamline curvature and compressibility was used to study the boundary layer stability BS suction location and magnitude varied. N-factor correlations with transition location were made for various suction configurations. 
Introduction
The achievement of laminar flow on lifting surfaces at the Reynolds numbers and sweep angles typical of modern, high subsonic-speed, commercial transports is a formidable task. For leading edge sweep angles above approximately 15 degrees, transition may occur very near the leading edge due to the uncontrolled growth of crossflow disturbances in the laminar boundary layer. In addition, attachment line contamination from the turbulent fuselage can dash the possibility of achieving any laminar flow. Leading-edge suctioii is ail etfective method of controlling the growth of these disturbances, and combined with a 'tailored' pressure gradient over the wing box to control Tollmien-Schlichting (TS) disturbance growth, may result in extensive amounts of laminar flow (hybrid laminar-flow control, HLFC). The leading edge region of a laminar flow wing presents difficult problems associated with the attainment of laminar flow. The leading edge is subject to foreign object damage, insect impingement, rain erosion, icing and other contaminents. Anti-icing, anti-contamination, suction and perhaps purge systems must all be packaged into a relatively small leading edge box. Most of these problems are common to the laminar flow control aircraft concepts under consideration for the achievement of extensive laminar flow on aircraft wings. Data is needed to establish the practicality of this technology for laminar flow aircraft.
To provide such data, NASA completed the Leading Edge Flight Test (LEFT) Program as a flight validation of LFC leading edge systems that were being developed by NASA and U.S. airframe manufacturers. During this program, a complete perforated laminar flow control (LFC) leading edge system was installed and tested in the right wing of a Jetstar aircraft to gain operational experience from which the concept's practicality could be assessed (see figure 1) . References 1 through 6 provide a detailed description of this program. At the end of the LEFT program, this aircraft performed a series of transition research experiments, the first of which are described in this paper. These experiments were designed to assess the sensitivity of transition to suction in the leading edge region, and were completed between June 1986 and April 1987. This work thus resulted in the first laminar flow flight research experiments made on a swept wing with suction boundary layer control since the X-21 LFC program ended in 1965.
Experimental Apparatus Suction System
A schematic of the aircraft suction system as modified for the research program is presented in figure 2 . The centrifugal air turbine used as a suction pump is an AiResearch turbocompressor designed for the Boeing 707 air-conditioning system and modified for this application. The compressor was located in the unpressurized rear fuselage compartment. Suction air was ducted through fifteen spanwise suction flutes beneath the perforated wing surface (figure 3). Flute air flow is individually controlled from the aircraft cabin with adjustable sonic needle valves (ref. 7) . Valve control and data acquisition is accomplished at the operator station in the cabin (see figure 2 ).
Laminar Flow Control Test Article Description
A detailed description of the perforated leading edge is provided in reference 1. The leading edge included all the systems necessary to provide all functions required for an LFC aircraft. The leading edge sandwich panel structure was supported by ribs attached to the front spar ( figure 3) . Suction panel location on the wing is given in figure 4 . The outer face of the suction surface panel was a titanium sheet 0.025 inch thick and perforated with over 1 million holes of 0.0025 inch diameter (drilled by an electron beam) spaced about 0.035 inch between centers. The panel core and inner face sheet were fiberglass. The panel was corrugated to form flutes for the subsurface suction air collection. Bond areas between the perforated surface and the flute core were impervious to flow. Thus, suction on the surface was along spanwise perforated strips of about 0.65 inch chord separated by non-suction strips of about 0.35 inch chord. Suction was applied to the upper surface from just below the leading edge highlight to the front spar joint (X/C = 13 percent). No attempt was made to achieve laminar flow beyond the front spar.
The perforated leading edge housed a Kruegertype device that deployed to provide the test surface with line-of-sight protection against insect impacts during takeoff and landing. The test article was installed in the leading edge opening created by removal of auxiliary fuel tanks on the basic wing. The planform of the modified wing (figure 4) spanned about 7 feet with the suction article about 5 feet in span. Outboard and inboard, the sweep of the basic JetStar wing is 33 degrees; the test article was swept 30 degrees. At the approximate test article midspan location (WS= 165.2), the normal chord is about 9.8 feet and the normal nose radius is 1.69 inches.
To produce the desired pressure distribution, the wing section required extensive modification. Wing contour-to the rear spar on the upper surface and to the front spar on the lower surface-was changed with the installation of the test article and fiberglass fairings over the wing box and at the test article edges. The gloved wing was significantly thicker than the basic Jetstar wing, particularly in the outboard glove region. This resulted in a test article dimensionally about equivalent to the leading edge box of a DC-9-30 at the mean aerodynamic chord. The volume of the leading edge available for the laminar flow control system was thus representative of a small commercial transport. Figure 5 shows the installed perforated test article. The white areas inboard and outboard of the test article are aerodynamic fairings to contour the test article back into the JetStar wing surface. Aft of the front spar, a fabiiig CXI,CII~U i w r , I W I I ( I ( + I 1' (jilt thc win? sect ions.
Instrumentation
Figure 5 also shows a row of Pitot tubes near the surface at the front spar, as well as Pitot tubes used to measure the airstream reference pressure over the wing and outside the boundary layer. A closeup of these Pitots is shown in figure 6 . The near surface Pitots are used to determine if laminar flow exists at the front spar, and to locate the approximate transition location ahead of each Pitot. A detailed descrig tion of the procedure used is given in ref. 3 . Probes were flight calibrated for transition location by placing three-dimensional roughness transition strips at known locations on the test surface. Boundary layer state (laminar or turbulent) was measured about every three inches over a five foot span at the front spar. The location of all instrumentation used on the test article is given in figure 7 . Hot film sensors were not used in these tests. Measurements of surface pressures, duct pressures, surface and reference Pitot pressures, and other system and flight parameters were displayed at the cabin control console. Figure 8 shows the modified aircraft in flight. The pylon on the fuselage was used as a mounting for a Knollenberg probe to measure ice particle size and count during ice cloud penetrations. The pylon also housed a charging patch for measurement of charge Table   1 . Suction flute locations (beginning and end) used in the stability calculations at the midspan of the test article are given in Table 2 . Research parameters included variations of the location and amount of suction. Suction was varied chordwise by progressively sealing spanwise perforated strips from either the front or rear direction.
Experimental Results

Spanwise Turbulence Contamination
The problem of spanwise turbulence contamination has been studied extensively in Refs. [8] [9] [10] [11] [12] [13] [14] . Ref- Note that when the average transition location is given as 13.0, the test article is entirely laminar. Figure 10 presents bump off (planforms 1 and 2) and bump on (planforms 4 and 5) data at two test conditions. In referring to these figures, a shortened notation will be used. Table 2 ). The amount of suction used here reduces the momentum thickness Reynolds number at the attachment line about 7 percent as compared to the zero suction case ( fig. 11). Figures 10-1 and 10-2 show more laminar flow outboard than inboard. This is due to the smaller outboard nose radius and the resulting larger leading edge velocity gradient, which lowers the momentum thickness Reynolds number. The data of figure 10 clearly show the need to provide the test article with protection from turbulence contamination coming off the inboard wing. Without the bump and using suction, laminar flow could not be obtained over the entire test article at any flight condition. In figure  10 , the suction coefficient for flute 9 was zero for the 'bump off' flight due to a malfunctioning valve. However? close examination of the data showed no impact on the results. The effect of suction on the attachment line boundary layer with and without the Gaster bump is shown in Figure 13 for Mz0.70 and R/ft = 1.52-1.64 x E06.
Without the bump and without suction on the attachment line, very little laminar flow is obtained ( fig. 13-5) . Without the bump, but with suction on the attachment line, laminar flow is obtained over most of the span of the test section except for the most inboard location ( fig. 13-4) . With the bump, laminar flow is o b tained with or without suction on the attachment line (flute 1, fig. 13-1,2) .
Suction
Typical suction distributions are given in figure 10. Nominal suction levels were representative of that required in the leading edge of an LFC wing with nearly full chord laminar flow; that is, more suction than required for laminar flow to the front spar. Nominal suction requirements were defined in this way in the design of the wing so that the wing suction ducting volume would represent future transport applications with extensive laminar flow. High initial suction levels were required to control crossflow at the leading edge. Beyond S/C = 0.05, a lower level of C, was maintained to the front spar, again to represent the suction distribution required in a more extensive laminar flow application. fig. 15-6 vs fig. 15-2) did not result in any loss of laminar flow despite the much thinner boundary layer ( fig. 16 ) and increased sensitivity to surface roughness. The possibility exists, however, that increased disturbances from the high suction flow through the perforations may grow downstream of the front spar and move transition forward at large length Reynolds numbers.
Early vs Later Leading Edge Suction
Suction location is known to strongly influence laminar flow. Early suction can be used to damp crossflow disturbance growth before it amplifies and causes transition. Theoretical investigations of both two and three dimensional flows (refs. 16-18) have shown that suction requirements for laminar flow can be minimized if suction is applied early where disturbances are small rather than farther downstream after the disturbances have amplified. Wind tunnel experiments (refs. 19-20 ) have confirmed the two-dimensional theoretical results (but not the three-dimensional case). There are, however, no flight data available on this subject on actual wing surfaces where measurements are concentrated in the leading edge region. The test article configuration described herein enabled such measurements. Questions studied include the effect of suction in the leading edge region where crossflow is dominant and also include the effect of suction closer to the front 4 spar where the relatively flat pressure gradient tends to damp crossflow but promotc Tdliiiicii ~?r~Iilid~~ iilg ili--turbance growth.
Comparison of early vs later leading edge suction was accomplished at the 0.775/29000 test point by sealing flutes spanwise at either the trailing edge or leading edge of the test article. Results are presented where suction is progressively added from either the rear or forward direction. Later suction ( fig. 17) results in a relatively thick leading edge boundary layer as compared with early suction (fig. 18 ). These data clearly show the importance of suction location in controlling crossflow; transition occurs near the leading edge when suction is applied only to flutes 6-15 ( fig. 17-2) or flutes 5-15 ( fig. 17-3) . With suction at flute 4 ( fig. 17-4) , laminar flow is suddenly obtained to the front spar! Adding suction from the front direction ( fig. 18) shows that laminar flow was not generally obtained to the front spar until suction was used on flutes 1-6. The localized loss of laminar flow, probably due to the slight adverse gradient near the front spar caused by the Pitot rake installation, was eliminated with further suction through flute 15. Data from M=0.775 to 0.70 are compared in figure 19 where suction is applied to flutes 1-5 vs 5-15. Overall suction up to the transition point is maintained at about the same level as shown at Mach=0.775 in fig.  19-1 vs 19-4 , and early suction yields a longer run of laminar flow. The darkened area in the suction coefficient figures represents suction used past the average transition point. At Mach=0.75 ( figure 19-2 vs 19-5) , more laminar flow is also obtained with early suction than with later suction despite using more suction with the later suction case. No clear result is evident in comparing the M = 0.70 data of fig. 19-3 vs 19-6 although the later suction configuration had considerably more suction.
Suction Summary
The experimental results shown here indicate that suction control of boundary layer disturbance growth, while often successful, is not a cure-all for all disturbance growth control. Suction can only do so much to maintain laminar flow. Proper design, fabrication, and maintainence of laminar flow control wing surfaces are still the most important factors in the practical application of laminar flow control technology. of ref. 22. The actual suction rates through the perfqrntc.4 -t r i p were area-averaged over the entire flute area including the perforations blocked by the support structure in order to model a continuous suction distribution ( Table 2) . Boundary layer stability calculations were made using an improved linear stability theory which accounts for streamline and surface curvature and compressibility (ref. 21) to determine the effect of suction location and magnitude on disturbance growth as indicated by the N-factor. The maximum amplification option of the code (ref. 23 ) was used to calculate the N-factor. The stability calculations for the 0.775/29000 test point are presented in figures 20-23 and the results are summarized in Table 3 .
For the case of nominal suction (laminar flow to the front spar, figure 14-1) , N-factors computed with and without the curvature terms in the linear stability equations are presented in figure 20 for 6000 Hz. and for 0 Hz. A range of frequencies were computed to determine the frequency which produced the largest N-factor at the transition location or at the front spar, and disturbances at 6000 Hz. were found to be the most amplified ( fig. 20) . The N-factor computed without curvature at 6000 Hz. reaches the currently assumed critical value for transition of 9 (based on previous correlations) at about 3 percent chord although transition did not occur until 13 percent chord. When the curvature terms are included in the calculation, the N-factor for the most amplified frequency is well below this assumed critical value and in fact shows that the boundary layer is stable from about 5 percent chord back to the front spar. This result emphasizes the importance of including the dominant physical effects (body and streamline curvature, compressibility, etc.) in the stability calculations.
A comparison of the N-factors (including the effects of curvature) for the case of no suction and the case of nominal suction at 0.775/29000 is presented in figure 21 . In the case of no suction, laminar boundary layer transition occurs at XIC = 0.021 which is an average value determined from the experimental measurements ( figure 14-4) . The wave orientation angle, $J, and wavelength to boundary layer thickness ratio, X/6, of the most amplified disturbance at the transition location were computed as about 84 degrees and 4.3, respectively. These are values typical of crossflow disturbances, indicating that transition is due to the Comparison With Theory growth of highly amplified crossflow disturbances. The N-factor at transition was about, 8.4 for the case of no suction at the most amplified frequency. As can be seen in figure 21 , the effect of suction on the boundary layer reduces the amplification rates (and hence the N-factor) of the crossflow vortices well below the critical value of about 9, and laminar flow is achieved to the front spar (as indicated from the experiniental
The measured pressure distributions at the test point 0.775/29000, as shown in figs. 15, 17, and 18, are represented by the curve-fit shown in figure 9. This single pressure distribution was utilized to compute the mean flow for all suction configurations studied using the swept-wing laminar boundary layer computer code measurements shown in figure 14-1) .
The effect of suction location and magnitude on the stability of the boundary layer at 0.775/29000 is presented in figure 22 and 23. In figure 22 , N-factor calculations as a function of X/C are shown for the cases of no suction and suction on flutes 8-15, 7-15, 6-15, 5-15, and 4-15 (later suction) at a frequency of 6000 Hz. which is (or very close to) the most amplified frequency for each suction configuration. (See figure 17 for experimentally determined transition locations). In each case, the growth of crossflow disturbances in the laminar boundary layer is significant, causing transition in all cases except for the case of suction on flutes 4-15. The N-factor at transition for the other suction configurations is between about 10.0 and 10.5 ( Table 3) . The maximum N-factor for the case of suction on flutes 4-15 does not .exceed 8.5 and, as mentioned, the experiment shows laminar flow to the front spar. For suction on flutes 8-15, suction does not influence transition since all the suction is aft of the transition location.
In figure 23 , the N-factor calculations for the cases referred to as early suction are presented along with the case of no suction. With suction applied to flutes 1 and 2, transition was experimentally determined to occur at X / C = 0.035 (see figure 18) , and according to the stability theory, transition is dominated by the growth of highly amplified crossflow disturbances with the wave orientation about 84 degrees at transition. The N-factor at transition is about 7.6; lower than the N-factors found for the later suction data discussed earlier. As more suction is added, transition moves farther back along the chord. For the cases of suction on flutes 1-5, 1-6, and 1-7, the stability theory predicts that crossflow-like disturbances are most amplified to about 4 percent chord followed by a region where TS waves are most amplified ( fig. 23) . In fact, for the case of suction on flutes 1-5, the wave orientation angle was 45.5 degrees and the wavelength to boundary layer thickness ratio was 12.5, values typical of TS waves at the transition location of 9.5 percent chord. All the transition correlations are summarized in Table 3 .
The crossflow Reynolds number has been used in the past to correlate leading-edge transition data for flows with favorable chordwise pressure gradients (ref. 14). The crossflow Reynolds number at transition as a function of leading edge sweep angle is presented in figure 24 for a number of wind tunnel and flight investigations. The present data agrees very well with the investigation of ref. 14 which determined the critical value of crossflow Reynolds was about 325.
Summary and Conclusions
since the X-21 flights ended in 1965. Achievement of laminar flow on the test article surface required both a bump on the inboard leading edge to negate the turbulent boundary layer propagating along the attachment line from the fuselage, and suction on the test article at all test conditions. Generally, 100 percent laminar flow was obtained to the front spar with nominal suction at most test conditions. Suction was also increased 130 percent over the nominal suction and laminar flow was maintained to the front spar despite the thinner boundary layer. At the 0.775/29000 test point, early suction on the leading edge yielded more laminar flow than did later suction for the same amount of overall suction.
Theoretical predictions were made using a state-ofthe-art linear stability theory which accounts for body and streamline curvature and compressibility as suction location and magnitude varied. N-factor correlations with transition location were made at a Mach number/altitude combination of 0.775/29000. These calculations showed that the body and streamline curvature effects on the 30 degree swept wing used here reduced disturbance amplification and N-factors by as much as about 60 percent for some flight conditions. It was shown that N-factors at transition varied from ahout 7.5 to 10.5, and that early suction resulted in N-factors at transition lower than N-factors associated with later suction. , pp. 208-214. 202-207, 1986 , pp. 208-214. 202-207, . CR-165925, 1982 . .
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